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Aphid olfactory responsea b s t r a c t
Predation has immediate consequences for prey ﬁtness and early assessment of predation risk may be
advantageous for prey. We investigated the ability of the bird cherry-oat aphid, Rhopalosiphum padi
(L.), to detect one of its important predators, seven spot ladybird, Coccinella septempunctata L., via chem-
icals in the predator’s walking track. Ladybird tracks left on leaves elicited avoidance and reduced host
plant settling in aphids via contact and olfactory cues or a combination of both. Aphid avoidance behavior
was dependent on ladybird sex and number of individuals, with the odor of a single ladybird eliciting
attraction and the odor of several ladybirds causing avoidance. This suggests that aphids may be able
to assess the risk of predation via the extent of the chemical tracks and adjust their behavioral response
accordingly. Aphid responses to ladybird tracks decreased with the age of the track, potentially
preventing aphids from avoiding plants on which predators have not been recently active. This avoidance
mechanism may play an important role in the biological control exerted by predatory ladybirds on aphid
populations.
 2012 Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
Detecting enemies may have more serious consequences for the
survival rate of animals than temporary failure to ﬁnd food or
mates (Lima and Dill, 1990) as predation risk usually has immedi-
ate consequences on ﬁtness. Most animals have developed behav-
ioral traits to minimize the risk of being detected and killed byology, Swedish University of
psala, Sweden. Fax: +46 18
vic).
Y-NC-ND license.natural enemies. There are similarities between predator/prey
interactions among different animal groups in terms of foraging
behavior, intraguild competition and territorial defense (Endler,
1991), and scent-marking strategies can be important in these
processes. Semiochemicals can be cues in enemy detection and
these markings may also have an informative value for prey
species indicating presence of natural enemies (Swihart et al.,
1991; Ferrero et al., 2011).
Ladybirds leave chemical trails during foraging (Hemptinne
et al., 1992; Doumbia et al., 1998; Nakashima et al., 2004) and
these semiochemicals serve several functions. For example,
they can be used as a means of avoiding cannibalism and
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other aphidophagous ladybirds (Hemptinne and Dixon, 2000;
Kajita et al., 2006; Ruzicka, 2006; Ruzicka and Zemek, 2007;
Chauhan and Weber, 2008; Magro et al., 2010), a common strategy
among insects exploiting resources that are limited in time and
space (Nuﬁo and Papaj, 2001). They can also be used by other spe-
cies to avoid intra-guild competition. For example, aphid parasit-
oids avoid selecting patches where a predatory ladybird is or has
been present (Nakashima and Senoo, 2003; Nakashima et al.,
2006; Meisner et al., 2011).
The bird cherry-oat aphid, Rhopalosiphum padi (L.) is a key pest
in cereals such as barley, wheat and maize, and a frequent prey for
the seven-spotted ladybird Coccinella septempunctata L. During
immigration to the summer hosts, grasses and cereals, aphid
migrants encounter a complex of natural enemies, including C.
septempunctata, and have evolved ways of responding to this
threat. Most of the work on aphid responses to predatory ladybirds
has focused on attack or close contact with the predator. Aphids
emit an alarm pheromone in response to predator attack that in-
duces dropping off behavior (Schwartzberg et al., 2008) and, with
prolonged exposure, can enhance production of winged offspring
(Minorreti and Weisser, 2000; Kunert et al., 2005; Poethke et al.,
2010). Production of winged aphid morphs was observed when
pea aphids were exposed to tracks left by predatory ladybird lar-
vae, and the response was aphid species dependent (Dixon and
Agarwala, 1999). However, the possible inﬂuence of ladybird
semiochemicals on aphid host plant selection and settling has so
far been overlooked.
The ability to detect and respond to the presence of natural
enemies using their semiochemicals may confer an adaptive
advantage by allowing herbivores to inhabit enemy free space.
Semiochemical cues can play a key role in the recognition and
avoidance of predators and have been well-documented in mam-
malian prey species (e.g. Apfelbach et al., 2005; Amo et al., 2006;
Gonzalo et al., 2008), though examples from phytophagous insects
are rare. It has been shown that adult whiteﬂies may avoid cucum-
ber plants with predatory phytoseiid mites (Nomikou et al., 2003),
but the cues that mediate this behavior are unknown.
We investigated the ability of the bird cherry-oat aphid to
assess predation risk by exposing them to traces previously left
by C. septempunctata in the absence of visual or auditory cues.
Speciﬁcally, we investigated three questions:
 Do aphids avoid plants on which ladybirds have been previously
present?
 Which class of chemical cue (contact, volatile or a combination)
do aphids use to detect foraging ladybirds?
 Can these semiochemical cues be used by aphids to assess
predation risk?
2. Materials and methods
2.1. Insects and plants
Multi-clonal cultures of bird cherry-oat aphid R. padi L. were
reared on barley (cv. Golf), kept in a greenhouse chamber at 18–
22 C, 16:8 h L:D. Aphids used in all experiment were wingless,
mixed-instar individuals (instars three, four and adults). Seven-
spot ladybird adults, C. septempunctata L. were collected from nat-
ural habitats close to Uppsala, Sweden (59470N, 17390E) and
reared through several generations before they were used in exper-
iments. They were reared in cages (40  40  80 cm) together with
R. padi and Sitobion avenae (F) on barley plants (cv. Golf) with ﬂow-
ering Brassica napus L. as a source of pollen. The culture was kept in
a climate controlled room at 18–22 C, 16:8 h L:D, and 80% RH. The
sex of the adults was determined according to Baungaard (1980).For aphid settling tests, barley plants of cultivar Scandium were
grown in a separate greenhouse chamber under the same condi-
tions as R. padi.2.2. Aphid no choice settling tests
A no-choice settling test (Ninkovic et al., 2002) was used to
investigate aphid behavioral responses to plants on which lady-
birds were previously present. The youngest leaf of a barley plant
in the two-leaf stage was placed in a 50 ml polystyrene tube. The
upper end of the tube was covered with a net and the lower end
with a foam plastic plug with a slit for the leaf. To avoid mechanical
damage to the test plant, a stick was used to support the tube. Both
male and female ladybird adults were placed separately in tubes
with barley plants. Three treatments were compared in fourteen
replicates. These were one ladybird, three ladybirds and a control
consisting of a tube with a barley leaf that had never been in con-
tact with ladybirds. After 24 h, ladybirds were removed from the
plants, and the tubes were replaced with new ones to avoid any
residues left by ladybirds on the tube walls. Ten aphids were then
placed in each tube. After 24 h the number of aphids settled on the
plant was counted.2.3. Aphid preference tests
2.3.1. Does previous presence of ladybird adults or larvae affect aphid
preference?
A series of choice experiments was conducted to test the
hypothesis that residues (deﬁned as deposited volatile and non-
volatile chemicals in walking tracks and feces) from previous pres-
ence of C. septempunctata adults or larvae affect the behavior of R.
padi. These assays were designed to test aphid responses to both
contact and volatile stimuli in ladybird tracks from males and fe-
males, adults and larvae and from different numbers of ladybirds.
The bottom of a Petri dish (diameter 12 cm) was divided into
two parts using a plastic partition whose position was marked in
ink. Randomly chosen ladybirds were placed in one half of the Petri
dish while the other half was left empty. The Petri dishes were
sealed with Paraﬁlm (Bemis, USA) perforated to allow air to enter.
After 24 h the ladybirds and partitions were removed, 10 aphids
were placed at the center of the dishes and the dishes were covered
with lids to prevent aphids from escaping. A white paper was
placed under each dish to give a uniform background. Larvae used
as sources of track and feces were removed from the dish after 6 h,
rather than 24 h to avoid cannibalism (Ruzicka, 2006). The 3rd
instar larvae chosen for the experiments were of similar size
1–1.2 cm. Separate tests were performed for the effects of ladybird
sex and to test the effect of different numbers of ladybird adults
and larvae. One, three or ﬁve ladybird adults or larvae were placed
into the Petri dish. After removal of the ladybirds, aphid distribu-
tion in the arena was assessed with regards to which side of the
partition was preferred. Ten randomly selected aphids were placed
in the middle of the dish and allowed 10 min to acclimatize, after
which the number of aphids in each half of the dish was recorded
every three minutes for 1 h. Three minutes was chosen as it was
long enough to permit an aphid to move from one side of the arena
to the other. The position of treatments (side with ladybird resi-
dues and side without in the divided Petri dishes) was alternated
randomly between the left and right side in each separate test to
account for any positional bias. Fifteen replicates were made for
each experiment. As a control, a blank test was done in a Petri dish
without any ladybird residues using the same protocol as for the
other treatments. Results of a preliminary test with empty dishes
showed an equal distribution of aphids (Wilcoxon test T = 97.5,
N = 20, P = 0.78), indicating no bias for any speciﬁc area.
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in experiments?
To exclude the possibility of social effects, where aphids may be
inﬂuenced by each others’ response in the Petri dish bioassays, we
tested whether a single aphid would show the same response to
ladybird residues. One or three ladybird adults of each sex were
placed in the respective part of Petri dish divided with a plastic
partition. After 24 h the ladybirds and partitions were removed.
The same size of Petri dish was used as in previous tests and the
same procedure was used as described above to test aphid prefer-
ences (see Section 2.3.1). Twenty replicates were performed.
2.3.3. Is aphid preference affected only by the tracks of ladybirds?
To test the hypothesis that only chemical tracks from adult C.
septempunctata affect R. padi, a series of choice experiments was
conducted. To obtain only ladybird tracks without the inﬂuences
of their feces we put one, three or ﬁve unfed ladybird adults into
the dishes, where they deposited tracks on the surface. Every
24 h ladybirds were transferred to new empty and clean dishes.
After the third transfer, tracks without visible feces were obtained,
and this dish was then used to test aphid preference as described
above (see Section 2.3.1). Fifteen replicates were made for each
treatment.
2.3.4. For how long after ladybirds have been removed does the
ladybird track trigger aphid avoidance?
In this series of experiments, ﬁve randomly selected ladybird
adults of the same sex were used following the same procedure
as in the previous experiment to obtain tracks without visible
feces. The Petri dishes with tracks and diagonal partitions were
sealed with Paraﬁlm and kept for 2, 4 and 6 days under controlled
conditions at 20 ± 2 C and 16:8 light/dark. Aphid responses to this
type of track were tested after each speciﬁc day. Ten aphids were
then placed in each Petri dish to determine preferences as de-
scribed above (see Section 2.3.1). Twenty replicates were
performed.
2.4. Olfactometer bioassays
2.4.1. Do aphids respond to volatiles released by ladybird adults and/or
larvae?
The objective of these experiments was to test if volatiles re-
leased from ladybirds stimulate aphid responses. Aphid behavioral
responses to volatiles released from ladybirds were tested using a
two-arm olfactometer as described by Ninkovic et al. (2009). One,
ﬁve or 10 ladybird adults were kept in a Petri dish for 24 h. The
dish was then connected directly to one arm of the olfactometer
and used as the test odor source. An empty Petri dish used as a con-
trol was connected to the second arm of the olfactometer. The
odors from dishes were introduced through two extended arms
of the olfactometer into a central zone (2.5  2.5 cm). Each dish
contained holes in the middle of the base to achieve equal distribu-
tion of air and was rotated upside down and connected directly by
Teﬂon tubing to the olfactometer arm inlet. Petri dishes with and
without ladybirds were switched between the left and right arms
in each separate olfactometer to account for positional bias. Air-
ﬂow through the system was 250 ml min1, measured and con-
trolled by a ﬂow meter. A single aphid was placed in the central
zone of the olfactometer and its position in the arena was recorded
10 at 3-min intervals after 10 min adaptation. Test insects were
randomly chosen from the culture and if the test individual did
not move between two observations it was removed and a new
series of 10 observations started with a new insect. Each individual
was used only once and the total number of visits in the arms after
10 observations of an individual aphid was regarded as one repli-
cate. Twenty replicates were carried out for each experiment. Bothsexes were used as test odor sources in separate experiments. In
experiments where larvae were used as the test odor source, one,
three or ﬁve individuals were kept in a Petri dish for 6 h prior to
connection to the olfactometer as above.
2.4.2. Do volatiles from residues of ladybird adults and/or larvae
inﬂuence aphid behavior?
After ladybirds were removed from Petri dishes, aphid olfactory
responses to their previous presence had been tested. Aphid re-
sponses were then tested to the remaining deposited ladybird
tracks and feces in dishes as in Section 2.4.1.
2.4.3. Are volatile semiochemicals from tracks left by ladybird adults
sufﬁcient to inﬂuence aphid olfactory responses?
To test whether volatile semiochemicals from tracks are in-
volved in the aphid avoidance behavior observed in the previous
experiments, tracks without visible ladybird feces produced in
the same way as described in Section 2.3.3 were used as test odor
sources in the olfactometer.
2.5. Statistical analysis
2.5.1. Aphid no choice settling tests
In aphid settling tests, the response for each aphid is binary; it
may stay on the leaf or not. In each experiment, 10 individuals
were used. Logistic generalized linear models were used for analy-
ses (see e.g. Olsson, 2002). The design included two factors: num-
ber of ladybirds that had contact with the leaf (1 or 3), and sex of
the ladybird (M – male or F – female). In addition, a number of
trials were made where no ladybird had visited the leaf (None) as-
sumed as control. This gives the following experimental structure:Number of ladybirdsSex 1 3 NoneMale M1 M3 –
Female F1 F3 –
None – – NoneFor experiments with no ladybird visits, the sex of the ladybird
is, of course, not known. Thus, the design is incomplete, which
makes it impossible to estimate interactions from the full dataset.
The chosen analysis strategy was to ﬁrst check for possible interac-
tion between sex and number of ladybirds, using a logistic model
only on the factorial part of the data. Then, a one-way logistic mod-
el was used, with treatments M1, M3, F1, F3 and None. Tests of spe-
ciﬁc hypotheses were formulated as linear contrasts between the
treatments. In addition, least-squares means comparisons were
made, adjusting for multiplicity using Tukey’s method. The statis-
tical analyses were performed with SAS Institute Version 9 (2008).
2.5.2. Aphid distribution in preference tests
The data consist of repeated observations over time on the same
Petri dishes. In each group of 10 aphids the individuals have a bin-
ary choice; to stay in the treated or in the untreated area of the Pet-
ri dish. Since data are binary/binomial, logistic generalized linear
models were used (see e.g. Olsson, 2002). The repeated-measures
nature of the data warrants a mixed model for analysis (Fitzmau-
rice et al., 2004; Littell et al., 2006). Thus, the model used for anal-
ysis was a generalized linear mixed model with a logit link. The
relation between repeated observations within the Petri dishes
was modeled as an autoregressive process of the ﬁrst order,
AR(1). The ﬁxed part of the model included treatment (adult male,
adult female, or larvae), number of previously used ladybirds
individuals (1, 3 or 5), the interaction between these, and time of
Fig. 1. Aphid settling on barley plants with previous presence of different numbers
of ladybirds of each sex. Graphs show data on plant basis, bar graphs are mean
proportion of aphid settling in no-choice tests ± SE. None-barley plants that had
never been in contact with ladybirds. Signiﬁcant difference in aphid settling on
plants without and with previous presence of ladybirds are indicated (Tukey’s mean
signiﬁcant difference tests; ⁄⁄⁄P < 0.0001).
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track age on aphids (see Section 2.3.4) the ﬁxed part of the model
was partly changed, including treatment (adult male and adult fe-
male) the age of track (directly left, two day, four day and six day
old tracks), interactions between these, and time of repeated
observations. The changes in the proportion aphid distribution be-
tween treated and untreated area were made using least-squares
means for each treatment and comparisons between different
treatments were made with least-squares means, adjusting for
multiplicity using Tukey’s method. Results showing P-values at
the 5% level were considered to be signiﬁcant. The statistical anal-
yses were performed with SAS Institute Version 9 (2008).
For comparisons of aphid distribution in the preference tests
using a single aphid per Petri dish (see Section 2.3.2), Wilcoxon
matched pairs test was used to compare the number of times aphid
were recorded in the control side with the number in the treat-
ment side. Results showing P-values at the 5% level were consid-
ered to be signiﬁcant. Statistical analyses were performed with
Statistica software version 10 (StatSoft Inc., 2011).
2.5.3. Aphid olfactory response
Wilcoxon matched pairs test was used for comparisons of the
number of times aphids were recorded in the control and treat-
ment olfactometer arm. Results showing P-values at the 5% level
were considered to be signiﬁcant. Statistical analyses were per-
formed with Statistica software version 10 (StatSoft Inc., 2011).3. Results
3.1. Aphid no choice settling tests on leaves previously visited by adult
ladybirds
The ﬁts of the two models as measured by deviance/d.f. was
adequate (0.83 and 0.83, respectively). The interaction between
number of ladybirds and sex was not signiﬁcant in the factorial
model (P = 0.56). The one-factor model showed a strongly signiﬁ-
cant difference (P < 0.0001) between the ﬁve treatments. Contrast
comparisons revealed no signiﬁcant sex differences (P = 0.45) and
no signiﬁcant difference between 1 and 3 visits (P = 0.11). The dif-
ference between the untreated control and the average of other
treatments was strongly signiﬁcant (P < 0.0001).
Pairwise comparisons using Tukey adjustment revealed that all
treatments (M1, F1, M3 and F3) were signiﬁcantly different from
the control (Fig. 1). Pairwise comparisons showed that treatment
with either a single adult male (M1) (Tukey test P < 0.0001) or a
single female (F1) (Tukey test P < 0.0001) caused a signiﬁcant
reduction in aphid settling on exposed plants compared to plants
unexposed to ladybirds. A similar reduction in aphid settling was
also observed on the leaves on which three ladybirds were previ-
ously placed compared with non-exposed males (M3) (Tukey test
P < 0.0001) and females (F3) (Tukey test P < 0.0001). None of the
differences among M1, F1, M3 and F3 were signiﬁcant (all
P-values > 0.44).
3.2. Aphid preference tests
3.2.1. Does previous presence of ladybird adults or larvae affect aphid
preference?
The model showed a good ﬁt to the data, with deviance/
d.f. = 1.03. There were signiﬁcant effect of treatment (F2,28 = 3.84,
P = 0.03), effects of number of ladybirds (F2,28 = 67.26, P < 0.0001),
and the interaction between these (F4,56 = 7.32, P < 0.0001). There
was no signiﬁcant time effect (F19,266 = 0.81, P = 0.70). Fig. 2 shows
aphid behavioral responses to residuals left by ladybird adults,
female or male, at each number tested. In all experiments, aphidswere recorded more frequently in the control side of the Petri dish
compared to the side exposed to ladybird adults. Signiﬁcant reduc-
tions in aphid distribution were observed in the side of the Petri
dish that previously hosted one (P < 0.03), three (P < 0.0001) and
ﬁve ladybird females (P < 0.0001) (Fig. 2A). A similar pattern was
observed when males were used (one male P = 0.004, three males
P < 0.0001 and ﬁve males P < 0.0001) (Fig. 2B). The same aphid
avoidance response was observed in the side of Petri dish that pre-
viously hosted larvae (Fig. 2C). A signiﬁcant reduction in aphid vis-
its to the treated side was observed with three (P < 0.001) and ﬁve
larvae (P < 0.001), but not with one larva (P = 0.23). Reduction in
the proportion of visits to the treated area relative to one larva
or one female adult was signiﬁcantly greater when three and ﬁve
larvae (Turkey P < 0.0001, respectively) as well as three female
adults (Tukey P = 0.004) and ﬁve female adults (Tukey P < 0.0001)
had contaminated the Petri dishes (Fig. 2A and C). This indicates
that aphid avoidance is directly dependent on the number of lady-
birds. However, the same pattern of progressive reduction of aphid
visits was not observed when the number of adult males was in-
creased (three males Tukey P = 0.91, ﬁve males Tukey P = 0.16)
indicating that this effect can be dependent on ladybirds sex.
3.2.2. Are behavioral responses affected by the number of aphids used
in experiments?
The results summarized in Fig. 3 showed similar levels of avoid-
ance responses of a single aphid as in Section 3.2.1 when 10 aphids
per Petri dish were used. The frequencies of visits of one aphid to
the side which had been previously exposed to three females (Wil-
coxon test T = 18.0, N = 16, P = 0.002) and three males (Wilcoxon
test T = 18.0, N = 17, P = 0.006) were signiﬁcantly less than frequen-
cies of visits to the control sides.
3.2.3. Do aphids respond to tracks of adult ladybirds?
There was a signiﬁcant effect of treatment, male adults and
female adults (F1,14 = 29.52, P < 0.0001), effect of number of lady-
birds (F2,28 = 59.44, P < 0.0001), and the interaction between these
(F2,28 = 7.32, P < 0.0001). There was no signiﬁcant time effect
(F19,266 = 1.53, P = 0.08). The model showed a good ﬁt to the data,
with deviance/d.f. = 1.3. Fig. 4 shows the response of aphids to
ladybird tracks without feces. These show similarities to those in
Fig. 2. Distribution of aphids over two sides of a Petri dish (mean proportion ± SE)
after the previous presence of different numbers of ladybird adults. (A) Treatment
with previous presence of female ladybirds. (B) Treatment with previous presence
of male ladybirds. (C) Treatment with previous presence of larvae. Signiﬁcant
difference in aphid distribution in the side of the Petri dish with previous presence
of adult ladybirds and without are indicated. (The P-values refer to LSMeans
comparisons between aphid proportion in treated part of dishes with equal aphid
distribution between different part of petri dishes ⁄⁄P < 0.001; ⁄⁄⁄P < 0.0001.)
Fig. 3. Distribution of aphids over two sides of a Petri dish (mean proportion ± SE)
after the previous presence of one and three ladybird adults when only a single
aphid was tested. (A) Previous presence of one and three female ladybirds. (B)
Previous presence of one and three male ladybirds. Signiﬁcant difference in single
aphid distribution in the side of the Petri dish with previous presence of adult
ladybirds and without are indicated (Wilcoxon test; ⁄P < 0.05; ⁄⁄P < 0.01;
⁄⁄⁄P < 0.001).
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Signiﬁcant reductions in the proportion of aphid visits were
observed to the tracks left by three females (P < 0.0001) and ﬁve
females (P < 0.0001) compared aphid equal proportion between
two parts of dishes (Fig. 4A), while a signiﬁcant avoidance to male
tracks was only found with ﬁve males (P < 0.0001) (Fig. 4B).
3.2.4. For how long does the track continue to cause avoidance
behavior?
The model showed a good ﬁt to the data, with deviance/
d.f. = 1.1. There was a signiﬁcant effect of treatment (F1,19 = 35.36,P < 0.0001), effect of track age (F3,57 = 35.75, P < 0.0001), and the
interaction between these (F3,57 = 3.72, P = 0.016). There was no
signiﬁcant time effect (F19,361 = 1.33, P = 0.162). The results of
aphid behavioral responses to track left by ladybird adults, female
or male, at each age tested are summarized in Fig. 5, showing that
the avoidance response of aphids to tracks decreased gradually
with increasing age of the track left by adults. With female ladybird
tracks, the signiﬁcant reduction in the frequency of aphid visits to
the side of the Petri dish with tracks was observed until six days
(Fig. 5A). When male ladybirds were used, the avoidance response
of aphids disappeared after four days (Fig. 5B).3.3. Olfactometer bioassays
3.3.1. Do aphids respond to volatiles released by ladybird adults and/or
larvae?
Aphids were observed signiﬁcantly less in the olfactometer arm
containing the odor of 10 male or female ladybirds compared to air
from an empty Petri dish (Table 1a and b). However, this aphid
avoidance response was not observed to the odor of one or three
ladybirds of both sexes respectively (Table 1). When larvae were
used as the test odor source, signiﬁcant avoidance response was
observed to volatiles from ﬁve larvae (Table 1c). Aphids also
showed a signiﬁcant attraction/arrestment response when one lar-
va was used as the odor source. The results indicate that aphids can
use olfactory cues to detect the presence of ladybirds and change
their behavior accordingly.
Fig. 4. Aphid distribution over two sides of a Petri dish (mean proportion ± SE) in
response to tracks left by different numbers of ladybird adults. (A) Tracks left by
female ladybird adults. (B) Tracks left by male ladybird adults. Signiﬁcant difference
in aphid distribution in the side of the Petri dish with track from adult ladybirds and
without are indicated. (The P-values refer to LSMeans comparisons between aphid
proportion in treated part of dishes with equal aphid distribution between different
part of petri dishes ⁄⁄⁄P < 0.0001.)
Fig. 5. Aphid distribution (mean proportion ± SE) in response to tracks left by ﬁve
ladybird adults at different time periods after removal of ladybirds. (A) Tracks left
by ﬁve female ladybirds. (B) Tracks left by ﬁve male ladybirds. Signiﬁcant difference
in aphid distribution in the side of the Petri dish with track from adult ladybirds and
without are indicated. (The P-values refer to LSMeans comparisons between aphid
proportion in treated part of dishes with equal aphid distribution between different
part of petri dishes ⁄⁄P < 0.001; ⁄⁄⁄P < 0.0001.)
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larvae inﬂuence aphid behavior?
When adult ladybirds were removed from Petri dishes, signiﬁ-
cant avoidance responses by aphids were found to odor from Petri
dishes in which 10 female were previously present (Table 2a). A
similar and almost signiﬁcant response was observed to residues
deposited by 10 adult males (Table 2b). No avoidance response
was observed to Petri dishes that had previously contained larvae,
but an attraction/arrestment response was observed when one lar-
va was previously present (Table 2c). These results suggest that
volatiles from adult ladybird residues can also be used by aphids
to detect the previous presence of ladybirds.
3.3.3. Are volatile semiochemicals from ladybird adult tracks sufﬁcient
to inﬂuence aphid olfactory responses?
Signiﬁcant aphid avoidance was observed to odor released from
the tracks produced by 10 female or 10 male ladybirds (Table 3a
and b). The volatiles released from female tracks induced much
stronger responses than volatiles from male tracks. Signiﬁcant
attraction/arrestment responses were also found to volatiles re-
leased from the tracks of a single adult of either sex (Table 3a
and b).
4. Discussion
This study provides evidence that semiochemicals present in
ladybird tracks promote aphid avoidance behavior in the absenceof visual or auditory cues. Previous presence of ladybirds on leaves
caused signiﬁcant reduction of aphid settling on the host plant.
This avoidance behavior may contribute to the aphid’s search for
optimal feeding sites and enemy-free space for the establishment
of new colonies. It would be an obvious advantage for aphids to
distinguish plants that have been exposed to ladybird foraging
from those that have not, and then colonize the plant with the low-
er predation risk. This is in line with Nomikou et al. (2003) who
suggest that herbivores can exclude plant species with high preda-
tion risk from their host range.
The ability to detect and take precautions against natural ene-
mies may be a key factor for aphid population success and survival.
Accurate assessment of host plant suitability is important for
aphids in order to increase the survival rate of their offspring,
and predator detection and avoidance behavior play an important
role in aphid settling. Colonization of host plants is a key step in
the development of aphid populations and host selection is guided
by a range of factors that are important at different stages
(Pettersson et al., 2007). Due to their parthenogenetic mode of
reproduction, aphid populations in crops grow exponentially. This
means that small reductions in initial colonization can lead to
suppression of damaging populations later in the season (Wiktelius
et al., 1990). Responding to cues previously left by predators (track
and/or feces) may reduce the time aphids have for feeding so
delayed host location and phloem intake caused by ladybird tracks
could reduce reproductive output, which may be sufﬁcient to
Table 2
Aphid olfactory response to odor from Petri dish with residues from different
numbers of ladybird individuals previously present.
Number of ladybirds Olfactometer arm (mean ± SE) T N P
Treatment Control
(a) Female ladybird adults
1 ladybirds 3.15 ± 0.34 2.95 ± 0.38 47.0 14 0.729
5 ladybirds 3.20 ± 0.20 3.55 ± 0.29 41.5 15 0.293
10 ladybirds 2.25 ± 0.23 3.65 ± 0.18 13.5 17 0.003
(b) Male ladybird adults
1 ladybird 3.15 ± 0.37 3.35 ± 0.25 84.0 19 0.658
5 ladybirds 3.15 ± 0.28 3.50 ± 0.26 52.5 16 0.423
10 ladybirds 2.65 ± 0.34 3.80 ± 0.34 44.5 18 0.074
(c) Larvae
1 larva 4.30 ± 0.40 2.30 ± 0.32 23.0 18 0.006
3 larvae 3.40 ± 0.37 3.45 ± 0.25 74.0 17 0.906
5 larvae 2.80 ± 0.27 3.65 ± 0.34 51.0 18 0.132
Treatment represents the side of the olfactometer connected to the Petri dish that
previously contained different numbers of ladybird adults. Control represents the
side which was connected to an empty Petri dish. Twenty replicates were
performed.
T, N and P values are fromWilcoxon matched pairs test, Mean is average number of
aphid visits with per olfactory arm, ±SE is standard error.
Table 3
Aphid olfactory responses to odor from Petri dishes only containing tracks from adult
ladybirds.




(a) Female ladybird adults
1 ladybird 4.7 ± 0.38 1.7 ± 0.35 4.5 10 0.008
5 ladybirds 3.1 ± 0.17 3.6 ± 0.21 18.0 9 0.176
10 ladybirds 2.6 ± 0.15 3.8 ± 0.13 0.0 5 0.012
(b) Male ladybird adults
1 ladybird 4.2 ± 0.37 2.3 ± 0.25 0.0 9 0.019
5 ladybirds 3.3 ± 0.20 3.5 ± 0.21 6.0 7 0.594
10 ladybirds 3.0 ± 0.20 3.7 ± 0.14 0.0 8 0.043
Treatment represents the side of the olfactometer connected to Petri dish con-
taining ladybird tracks. Control represents the side connected to an empty Petri
dish. Twenty replicates were performed.
T, N and P values are from Wilcoxon matched pairs test, Mean is average number of
aphid visits with per olfactory arm, ±SE is standard error.
Table 1
Aphid olfactory responses to odor from Petri dishes with different numbers of
ladybird individuals.
Number of ladybirds Olfactometer arm (mean ± SE) T N P
Treatment Control
(a) Female ladybird adults
1 ladybirds 3.25 ± 0.34 2.70 ± 0.33 46.0 15 0.426
5 ladybirds 2.95 ± 0.22 3.70 ± 0.30 33.5 15 0.132
10 ladybirds 2.00 ± 0.16 3.70 ± 0.16 4.5 19 0.0003
(b) Male ladybird adults
1 ladybirds 3.00 ± 0.37 3.65 ± 0.35 52.5 17 0.256
5 ladybirds 2.50 ± 0.27 4.20 ± 0.32 9.5 14 0.007
10 ladybirds 2.95 ± 0.25 3.45 ± 0.35 53.5 16 0.453
(c) Larvae
1 larva 4.00 ± 0.28 2.25 ± 0.29 24.0 19 0.004
3 larvae 3.20 ± 0.41 3.40 ± 0.29 79.0 18 0.777
5 larvae 2.95 ± 0.26 3.95 ± 0.15 13.5 15 0.014
Treatment represents the side of the olfactometer connected to the Petri dish into
which different numbers of ladybird adults or larvae were placed. Control repre-
sents the side that was connected to an empty Petri dish. Twenty replicates were
performed.
T, N and P values are fromWilcoxon matched pairs test, Mean is average number of
aphid visits per olfactory arm, ± SE is standard error.
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previous presence of ladybirds can reduce aphid settling by 40 to
53%, indicating that ladybird tracks may affect aphid population
development through disturbance and avoidance.
Aphids may meet and respond to cues previously deposited by
ladybirds both on arrival to the cereal ﬁeld and later during popu-
lation development. Both aphids and ladybirds can be the ﬁrst to
arrive in cereal ﬁelds.
Adult C. septempunctata hibernate at speciﬁc sites (Hodek and
Michaud, 2008) from which they migrate into the landscape
searching for favorable habitats with prey or food that support
reproduction. Early in the season, ladybirds can arrive in crops be-
fore large numbers of aphid migrants (Ninkovic and Pettersson,
2003; Ninkovic et al., 2011). During their subsequent intense and
random search for food, ladybirds will deposit tracks which later
arriving aphids may detect and avoid.
However, the majority of aphids will arrive and settle before
ladybirds. Aphids develop extremely fast on the host plant due totheir high reproduction rate and short life, a strategy to cope with
the ephemeral character of the resource and predation by natural
enemies. However, aphid colonies are not static, and signiﬁcant
movement of aphids between host plants in a stand can occur.
For example, high densities on plants induce mobility in aphids,
mediated partially by volatile semiochemicals (Quiroz et al.,
1997). Volatiles from aphid-attacked plants attract/arrest foraging
ladybird adults (Ninkovic et al., 2001) who subsequently intensify
their walking search behavior. Throughout this intensive search
ladybirds leave tracks and/or feces on the plants which can affect
aphids moving within the plant stand. It may be advantageous
for these aphids to avoid these plants or patches to reduce ladybird
predation risk, however, increased mobility in response to ladybird
traces could also expose aphids to a higher risk of predation by
other ground-dwelling predators.
The current study is the ﬁrst to show that tracks left by an
arthropod predator can be used by herbivores to assess predation
risk. It is known that aphidophagous ladybirds produce an
oviposition- deterring pheromone that inhibits oviposition by
other females (Martini et al., 2009), suggesting similarities with
territorial marking by larger animals. The scent marking strategy
of predators can be used by small mammals in predator recogni-
tion and avoidance (Apfelbach et al., 2005; Amo et al., 2006;
Gonzalo et al., 2008). However, studies of avoidance responses
between ladybirds and other conspeciﬁc and heterospeciﬁc
individuals (Oliver et al., 2008) indicate that ladybird tracks may
have a broad ecological importance, reducing cannibalism and
increasing the survival rate of their offspring. Our study indicates
that tracks may also have an informative role for aphids.
However, the mechanisms underlying aphid predator avoidance
may be a complex interaction between multiple sensory cues.
These include visual and gustatory stimuli; however both volatile
and contact chemical cues can be decisive to an aphid’s decision
to settle on a plant (Webster, 2012). The current study presents
convincing evidence for aphid avoidance of chemicals in predator
tracks via olfactory or contact cues, or a combination of both, when
visual and auditory cues were eliminated by the experimental
design. Residues from female ladybirds induced a stronger
avoidance response than residues from males. When the inﬂuence
of ladybirds feces was excluded, aphids still showed similar
avoidance responses to tracks, suggesting that feces contributes
little to the chemical cues.
The chemistry of ladybird tracks has been studied. For example,
Hemptinne et al. (2001) identiﬁed a complex mixture of around
forty chemically distinguishable alkanes with N-pentacosane as a
major component. Observations showed that 10-day old larval
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et al. (2007) identiﬁed (Z)-pentacos-12-ene as a key compound in
the larval tracks of six-spotted zigzag ladybird, Cheilomenes
sexmaculata (Fabricius), and proved its oviposition-deterring
effects in bioassays. Our results show that aphids can respond to
volatiles released from ladybird tracks. The volatile components
of ladybird odor have been reported. For example, 2-isopropyl-
3-methoxypyrazine was found to be responsible for attraction
between ladybird adults and autogenous alkaloids, such as
pyrazines or pyrrolidines, protect against ant and bird predation
as well as cannibalism (Al Abassi et al., 1998; Pasteels, 2007;
Pettersson et al., 2008). Substances emanating from the apose-
matic shield are highly biologically active at very low concentra-
tions. Thus 2-isopropyl-3-methoxypyrazine is behaviorally active
in concentrations that cannot be detected by gas chromatography
but can be detected by the human nose (Al Abassi et al., 1998). It is
likely that the track chemistry may consist of a mixture of
substances with different links to ladybird physiology and ecology.
However, the chemicals responsible for the aphid avoidance
behavior in the current study are currently unknown.
It has been widely demonstrated in aquatic systems that the
ability of prey species to assess the level of predation risk is not
only dependent on the speciﬁc type of chemical cue but also on
its concentration (e.g. Mirza and Chivers, 2003; Brown et al.,
2006; Holmes and McCornick, 2011). Any precaution (including
ﬂeeing or migration) by the prey is potentially costly (Schoeppner
and Relyea, 2009) and accuracy in assessing the level of predation
risk should be adaptive. Therefore prey may show avoidance re-
sponses only when cues from predators are above a certain thresh-
old. The current study indicates that aphid avoidance behavior is
dependent on the number of ladybird individuals. Thus the odor
of a single ladybird larva and adult track alone elicited attrac-
tion/arrestment in aphids. This effect was also observed when
aphids were exposed to volatiles from the tracks of a single adult.
Since aphid life-history was shaped by evolution for speed, the
presence of one or a few ladybirds in the near vicinity may not
be considered a major threat, but increasing predation risk may fa-
vor aphids to risk taking evasive action. It is difﬁcult to propose an
adaptive explanation for aphid attraction to ladybird tracks, and
this effect merits further investigation to establish its ecological
relevance. As predicted, aphid responses to ladybird tracks de-
creased with the age of the tracks, preventing aphids from avoiding
plants on which predators have not been recently active. Thus, our
study shows that, using olfactory cues, aphids can evaluate not
only the presence of their natural enemies, but also the levels at
which they are present and respond accordingly.5. Conclusions
Ladybird tracks left on leaves elicited avoidance and reducedhost
plant settling in aphids via contact and olfactory cues or a combina-
tion of both. This illustrates the importance of ladybirds in the food-
web and their potential role in biological control. The previous
presence of a single ladybird and/or its cues reduced aphid host
acceptance signiﬁcantly, suggesting that the overall contribution
of of predatory ladybirds to aphid population suppression has been
underestimated. Small reductions in initial aphid colonization can
lead to suppression of damaging populations later in the season. De-
lays to host location and start of phloem intake caused by ladybird
tracks could reduce reproductive output which may be sufﬁcient
to cause a reduction in aphidpopulation size.However, further stud-
ies under ﬁeld conditions are necessary to discover the implications
for aphid population development. From an ecological and evolu-
tionary perspective, the ability to detect and avoid natural enemies
may represent one of the key factors for aphid success. We suggestthat both olfactory and contact cues of ladybird footprints can allow
aphids to assess predation risk before encountering ladybirds.
Nevertheless, our ﬁndings suggest that chemical detection and
avoidance by aphids may contribute to the role of predatory
ladybirds in biological control.
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